A panel of seven variable-number tandem-repeat (VNTR) markers was selected for Acinetobacter baumannii typing analysis (MLVA-7). Compared with pulsed-field gel electrophoresis (PFGE), MLVA-7 provided greater discrimination. We modified the criteria for MLVA complex assignments proposed previously, and a remarkable congruence between MLVA-7-and PFGE-based strain clustering was observed.
A
cinetobacter baumannii is now recognized as a major pathogen involved in nosocomial infections with a documented high mortality rate (1, 2, 3) . Major epidemiologic features of this organism include the propensity for clonal spread, long-term persistence in the hospital setting, and involvement in hospital outbreaks, as well as resistance to multiple antimicrobial agents (1) . The number of multidrug-resistant (MDR) organism outbreaks is currently increasing worldwide. Many of the genotypes involved have been found to belong to international clone (lineage) I, II, or III (4, 5, 6) .
Several molecular typing methods have been developed to investigate the molecular epidemiology of A. baumannii infection. Among them, macrorestriction analysis with pulsed-field gel electrophoresis (PFGE) has been used extensively, and it can be considered, in some instances, the gold standard for A. baumannii typing (7, 8) . However, this method is laborious and time-consuming and cannot easily be compared between laboratories. In contrast, multiple-locus variable-number tandem-repeat (VNTR) analysis (MLVA), based on the copy numbers of tandem-repeat units (TRs) of VNTR loci, is a highly reproducible and portable typing method and can be easily shared. So far, 10 VNTRs that provided sufficient repeat polymorphism for fine typing of clinical isolates have been described in A. baumannii, and three different selections of loci have been evaluated, including a 2-locus assay (9) , an MLVA-8 scheme (10), and a partially automated MLVA-10 Orsay scheme (11) .
A. baumannii isolates. Sixty-three A. baumannii strains, nonoutbreak related, isolated from patients in 3 Chinese cities (one hospital per city and one isolate per patient, except for 3 isolates)-Haining (n ϭ 38), Yantai (n ϭ 18). and Wenzhou (n ϭ 7)-and 59 isolates (54 patient isolates, one isolate per patient, plus three environmental samples and two isolates from health care workers' hands) isolated during an A. baumannii outbreak occurring in one hospital in Beijing were used in the study. All isolates were identified as A. baumannii as described previously (12) and also by the presence of a bla OXA-51-like gene (13) .
International clone identification. Identification of international clones was done as described previously (14) . Of the nonoutbreak and outbreak isolates, 41.2% and 90.7%, respectively, were identified as belonging to international clonal lineage II (ICL-II) as shown in Fig. 1 .
Antimicrobial susceptibility testing. We examined the antimicrobial susceptibilities of the A. baumannii isolates to 11 antimicrobials: ampicillin, piperacillin-tazobactam, ceftriaxone, ceftazidime-clavulanic acid, ciprofloxacin, rifampin, polymyxin B, doxycycline, chloramphenicol, imipenem, and trimethoprim-sulfamethoxazole. The susceptibility tests were performed using Etest on Mueller-Hinton agar, and the results were evaluated using the CLSI breakpoints for microdilution methods (15) . A strain resistant to at least three classes of antimicrobial agents-all penicillins and cephalosporins (including inhibitor combinations), fluoroquinolones, and aminoglycosides-was called multidrug resistant (MDR) (16) . An MDR strain also resistant to imipenem was called extensively drug resistant (XDR) (16) . All the outbreakassociated isolates were multidrug resistant (47 XDR and 7 MDR); in contrast, 67.6% of the non-outbreak-associated isolates were multidrug resistant (43 XDR and 3 MDR, out of 68 isolates), as shown in Fig. 1 .
PFGE. PFGE was performed and analyzed as described previously (17) . Similarity thresholds of 95% and 84% were arbitrarily used to define isolates belonging to the same PFGE type and cluster, respectively.
MLVA. MLVA typing using the MLVA-8 scheme was performed as described previously (10) , except that the primers were fluorescently labeled and PCR products were sized on an automated DNA sequencer to accurately determine the number of tandem repeats. The polymorphism index of individual loci or combined VNTR loci was calculated using the Hunter-Gaston diversity index (HGDI) (18) . Confidence intervals (CIs) were calculated as previously described (19) .
In order to deduce approximate differences between observed sizes and real sizes, some representative alleles for each VNTR locus were sequenced. The length of repeat, number of repetitions, and deduced sizes of flanking regions were analyzed using the Tandem Repeats Finder tool (http://tandem.bu.edu/trf/trf .html) (20) . A total of 4 alleles were obtained at Abaum_1988, but two different repeat units, 78 bp and 59 bp, not 26 bp as previously reported (10), were revealed in Abaum_1988 by sequencing, as shown in Fig. 2 . Furthermore, no further discriminatory power was gained by Abaum_1988 addition, so an MLVA scheme of 7 loci (MLVA-7) was used in this study; Abaum_1988 was not included. A high proportion (40%, 18/45) of Abaum_0826 amplification failures were revealed in the samples that do not belong to the international clones (non-IC) (Fig. 1 ). Abaum_0826 is entirely located within coding regions of the pilus assembly protein (FilE) (10) . To determine whether the absence of Abaum_0826 amplification was due to mismatches in the target region of the primers or due to complete deletion of this locus, two primers located in the conserved region of filE, FilE-F (CAGTTAAATCCTTCTGTTC AGC) and FilE-R (AACATCCACGGCAGAAGA), were designed. With the FilE primers, no PCR products were obtained for all the Abaum_0826 amplification failure cases, while PCR products of the expected length were obtained for the Abaum_0826 PCR-positive isolates, suggesting that complete deletion of filE was the cause for the Abaum_0826 PCR failure. In addition, significant association between drug sensitivity and Abaum_0826 amplification failure was revealed ( 2 test, P Ͻ 0.001). Another recent report obtained similar results (11) . So, Abaum_0826 PCR failure may be a useful marker to reflect the non-IC identification or sensitive phenotype; thus, it was considered for the HGDI calculation and clustering analysis.
Remarkable differences of flanking region length compared with previous reports were found: 223 bp instead of 208 bp in Abaum_0826 and 177 bp instead of 147 bp in Abaum_3468, which resulted in two and five copy deviations, respectively. The 223-bp flanking length of Abaum_0826 was mentioned by Pourcel et al. in Table S2 of their article (10) .
Nonoutbreak strain analysis. The 68 non-outbreak-associated isolates were discriminated into 47 types by MLVA-7 ( Fig. 3 ) and into 37 types by PFGE (Fig. 1) . For MLVA-7, the HGDI value ranged from 0.442 to 0.842 per locus with a combined HGDI of 0.985 (95% CI, 0.976 to 0.994), as shown in Table 1 . The HGDI value for PFGE was 0.95 (95% CI, 0.92 to 0.979), lower than that of MLVA-7.
Outbreak strain analysis. A total of 59 strains were isolated not more than 2 months apart during an outbreak period. Fifty- four isolates were found to group together by both PFGE and MLVA-7 ( Fig. 1 and 3 ) and so were categorized as outbreak-associated strains. The remaining 5 isolates, with distinct PFGE profiles, were categorized as nonoutbreak strains and were included in the analysis above. Two main PFGE types for the outbreak strains, T09 and T01, including 32 and 13 isolates, respectively (Fig. 1) , were suspected to represent two lineages causing this outbreak. However, the T01 lineage attribution was refuted by MLVA, because MLVA-7 discriminated the 13 T01 isolates into 10 different types. In contrast, 22 of the 32 T09 isolates were identical in MLVA-7 (type A-1) as well (Fig. 1) , which confirmed this lineage to be responsible for this outbreak. To track the potential transmission, bacterial isolates from medical equipment (n ϭ 2), an environmental sample (n ϭ 1), and hands of health care workers (n ϭ 2) in the ward where the outbreak originated, BJ-ICU2, were tested and are marked in Fig. 1 . The hand isolates were found to share identical MLVA and PFGE profiles with the outbreak lineage.
Compared with the outbreak lineage (PFGE T09 and MLVA-7 A-1), 6 of the remaining 10 T09 isolates were different at only one locus (5 at Abaum_0845, 1 at Abaum_2396) (Fig. 1) . To confirm that the S-repeat VNTR locus TRs were capable of being altered in a relatively small number of generations, the stability of the 7 loci was examined by 30 in vitro passages with 13 isolates in this study. Before the 10th passage, no change in the MLVA profiles was observed. Subsequently, an increase or decrease of one TR copy number at locus Abaum_0845 occurred in 6 isolates, and a one-TR-copy-number increase at locus Abaum_0826 occurred in one isolate. No TR copy number changes were observed in the remaining 5 loci. The tandem-repeat region of Abaum_0845 is located downstream of the gene coding for adenosine deaminase (10), which is involved in purine metabolism. The reason for the rapid TR alteration at this locus is unknown, but it should be noted in the data analysis.
Comparison of MLVA-7 with PFGE. All the 122 isolates were resolved into 64 MLVA-7 types and 43 PFGE types. The dendrogram generated by PFGE analysis was then matched with the results of ICL identification, antimicrobial susceptibility, and MLVA-7 for direct comparison (Fig. 1) . The discriminatory power was higher with MLVA-7 (0.948; 95% CI, 0.918 to 0.977) than with PFGE (0.9; 95% CI, 0.86 to 0.94).
Taking into account the intrinsic variability of VNTRs, Pourcel et al. proposed criteria for the assignment of strains to MLVA complexes: (i) identical L-repeat VNTR profiles and (ii) a maximum of three differences of no more than two repeats at S-repeat VNTR loci (10) . It is obviously not suitable to determine the clonal relationships of some isolates used in this study, e.g., HN049 and HN051, which shared the same PFGE profile but differed at Abaum_0826 as null and 16, respectively (Fig. 1) . By analysis of the TR differences between the closest MLVA types, with reference to the corresponding PFGE profiles, we modified the criteria: (i) identical L-repeat VNTR profiles; (ii) compared between the closest genotypes, a maximum of two differences of no more than three repeats (excepting Abaum_0826) at S-repeat VNTR loci and the maximum of three-repeat differences occurring at only one locus. TR differences at S-repeat loci between the closest types in MLVA-7 complex A are shown in Table 2 .
To evaluate congruence between the typing methods, the Wallace coefficient was calculated (21) . The Wallace index between MLVA-7 and PFGE was 67.7%, revealing that the chance of isolates with the same MLVA profile being typed as identical by PFGE was 67.7%, and the Wallace index between PFGE and MLVA-7 was 37.6%. Although concordance between the two methods was not high, the results of clustering isolates were highly congruent when MLVA results were interpreted according to our modified criteria. MLVA-7 clustered the 122 isolates into two complexes, as shown in Fig. 3 . All MLVA-7 complex A strains except isolate BJ31 were typed into PFGE cluster A, and MLVA-7 complex B strains were typed into PFGE cluster B, too, as shown in Fig. 1 .
A high proportion (82%) of A. baumannii isolates used in this study were multidrug resistant; ICL-II strains accounted for 67% a The absence of a change at a given locus is indicated by a minus sign. b Determined by MLVA-7 clustering (minimum spanning tree [ Fig. 3]) ; related MLVA-7 profiles are shown in Fig. 1 . c All isolates typed into the two MLVA-7 types were outbreak associated.
of them, which agreed with the previous reports that multidrug resistance is often associated with isolates that belong to the international clones (22, 23, 24, 25) . Almost all the multidrug-resistant strains (96%), even those isolated from distant cities, were clustered together by both MLVA-7 and PFGE, whereas the sensitive strains were more heterogeneous (Fig. 1) . This indicates that antimicrobial resistance may be a major selective advantage that drives the rapid and wide clonal expansion of these strains. Conclusion. In the present investigation, an MLVA scheme of 7 loci was proposed (MLVA-7), which provides sufficient discriminatory power, even greater than that of PFGE, both for the nonoutbreak isolate typing and for outbreak tracing. Also, a remarkable congruence between MLVA-7-and PFGE-based strain clustering was observed according to the MLVA complex assignment criteria that we modified in this study.
